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Correctly assessing the total impact of predators on prey popula-
tion growth rates (lambda, λ) is critical to comprehending the
importance of predators in species conservation and wildlife man-
agement. Experiments over the past decade have demonstrated
that the fear (antipredator responses) predators inspire can affect
prey fecundity and early offspring survival in free-living wildlife,
but recent reviews have highlighted the absence of evidence
experimentally linking such effects to significant impacts on prey
population growth. We experimentally manipulated fear in free-
living wild songbird populations over three annual breeding sea-
sons by intermittently broadcasting playbacks of either predator
or nonpredator vocalizations and comprehensively quantified the
effects on all the components of population growth, together
with evidence of a transgenerational impact on offspring survival
as adults. Fear itself significantly reduced the population growth
rate (predator playback mean λ = 0.91, 95% CI = 0.80 to 1.04; non-
predator mean λ = 1.06, 95% CI = 0.96 to 1.16) by causing cumula-
tive, compounding adverse effects on fecundity and every
component of offspring survival, resulting in predator playback
parents producing 53% fewer recruits to the adult breeding popu-
lation. Fear itself was consequently projected to halve the popula-
tion size in just 5 years, or just 4 years when the evidence of a
transgenerational impact was additionally considered (λ = 0.85).
Our results not only demonstrate that fear itself can significantly
impact prey population growth rates in free-living wildlife, com-
paring them with those from hundreds of predator manipulation
experiments indicates that fear may constitute a very considerable
part of the total impact of predators.

ecology of fear j perceived predation risk j population growth rate j
predator–prey interactions j antipredator behavior

Predators kill prey and prey attempt to avoid being killed by
predators. Experimentally testing if these impacts on individ-

ual prey affect prey population growth rates (lambda, λ) is criti-
cally necessary to correctly assess the total impact predators have
on prey populations and hence the importance of predators in
species conservation and wildlife management (1–11). That the
fear (antipredator behavioral responses) that predators inspire
may affect prey population growth has only relatively recently
been recognized (1–3, 6, 8–11). Multiple experiments have now
established that fear itself can affect fecundity and early offspring
survival in free-living wildlife, reducing the number of young pro-
duced by over a third, but an impact on population growth has
yet to be demonstrated (1, 9–11).

The critical necessity of experimentally testing if fear of
predators can affect their prey’s population growth rate lies in
the fact that even killing by predators cannot simply be
assumed to affect prey population growth in free-living wildli-
fe—and indeed it was long generally presumed not to (1, 8, 10,
11). From the 1940s to as least as late as 2010 predators were
commonly viewed as little more than scavengers, killing the
very young, old, sick, or injured, the so-called "doomed surplus"
whose fate did not affect the prey’s population growth rate (1,
8, 12). Because fear has to date only been demonstrated to
affect the number of very young these too could represent a

“doomed surplus” (1, 11, 12). Alternatively, the total impact of
fear on population growth could be far greater than currently
indicated, extending even to transgenerational impacts reducing
population growth over generations (1, 13–15). This is because
the reductions in fecundity and early offspring survival demon-
strated to date have primarily been attributable to fear impair-
ing parental investment and care (1, 9, 16–22), and such early
developmental stress can be expected to have negative effects
later in life (15). Research on song sparrows (Melospiza melo-
dia), for example, has shown that experimental food restriction
during early development, mirroring fear-induced reductions in
parental provisioning, impairs brain development (9, 23), as
manifested by offspring singing fewer songs as adults (24),
which is predictive of lower survival during adulthood (25). The
cumulative consequences of fear may thus be expected to not
only include there being fewer offspring to begin with and
some dying soon after (1, 9) but the survivors being perma-
nently handicapped (15, 23, 24), reducing either their likeli-
hood of surviving to adulthood (recruitment), or their fecundity
or survival during adulthood (15, 25), the latter constituting
transgenerational impacts (1, 13, 14).

Population growth is generally defined in relation to the
number of breeding adults (26, 27). In most birds and mam-
mals the two most critical determinants of the population
growth rate (5, 28–30) are the number of young recruiting to
the adult breeding population (additions) and breeding adult
survival (losses). To experimentally test if fear itself can affect
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the population growth rate in free-living wildlife it is conse-
quently critical to comprehensively quantify the effects on not
just (i) fecundity and (ii) early offspring survival but also (iii)
later offspring survival and (iv) breeding adult survival as well,
to establish the cumulative impact on recruitment (i–iii), and
whether recruitment is insufficient (λ < 1) or sufficient (λ ≥ 1)
to replace (iv) breeding adult losses (1, 10, 11, 31). Additionally
quantifying if (v) recruits manifest evidence of reduced fecun-
dity or survival during adulthood is critical to testing if the
cumulative effects of fear extend to transgenerational impacts
reducing population growth over generations (1, 13). The
effects of fear on the survival of (iii) older offspring and (iv)
breeding adults, and (v) offspring fecundity and survival during
adulthood, remain experimentally untested in free-living wild-
life, and this “dearth of evidence” is why the impact on popula-
tion growth remains unknown (1, 11).

We exhaustively experimentally tested the impact of fear itself
on the population growth rate over multiple generations in wild
free-living song sparrows by manipulating fear over three annual
breeding seasons and comprehensively quantifying the effects on
all the components of population growth (i–iv) through to each
subsequent season and then quantifying evidence of (v) transge-
nerational impacts in each subsequent season. We used a proven
protocol to manipulate fear by intermittently broadcasting play-
backs of predator (or nonpredator control) vocalizations at high
but naturally occurring rates throughout the breeding season (1,
9) across multiple song sparrow territories at multiple sites (n =
11 to 15) distributed among five small (< 200 ha) coastal islands
in British Columbia, Canada (SI Appendix, Fig. S1), where they
are year-round residents (9). In total, we quantified the effects on
(i–iii) the recruitment of the offspring and (iv) the survival of
breeding adults from 104 territories, 51 where predator playbacks
were broadcast and 53 where nonpredators were. We employed
daily nest checks and continuous video surveillance to determine
(i) fecundity and (ii) the fate of every egg (n = 564) and nestling
(n = 507) with certainty and further ensured egg and nestling fate
was known with certainty by protecting every nest from predators
of eggs and nestlings using seine netting and electric fencing (9).
To quantify the effect of fear on the survival of (iii) older offspring
we tracked the fate of 151 radio-tagged young from fledging to
the end of the breeding season. All offspring (n = 416) and adults
were fitted with individually colored leg bands, enabling us to
quantify the effects of fear on (i–iii) recruitment and (iv) breeding
adult survival, by resighting survivors during intensive surveys of
each small island conducted in the year following each experimen-
tal year. To quantify evidence of (v) transgenerational impacts we
recorded the number of songs sung by recruits (n = 24), knowing
this is predictive of survival during adulthood (25). Finally, to ver-
ify their external validity we compared the effect sizes demon-
strated in our experiment with those reported in observational
studies concerning purported fear effects (1) and comprehensive
reviews of predator manipulation experiments involving free-living
birds and mammals (7, 8).

Results and Discussion
Fear itself significantly reduced the population growth rate; the
mean λ for the predator playback treatment (mean λ = 0.91,
95% CI = 0.80 to 1.04) and that for the nonpredator (control)
treatment (mean λ = 1.06, 95% CI = 0.96 to 1.16) each being
outside the 95% CIs concerning the other. This resulted
because fear itself had cumulative, compounding adverse
effects (Fig. 1A and Table 1), causing the number of young
recruiting to the adult breeding population (i–iii) to be reduced
by more than half (53% fewer recruits were produced by adults
that heard predator playbacks; SI Appendix, Table S1), which
was insufficient to replace (iv) breeding adult losses (λ = 0.91),
with the consequence that the fear-induced reduction in the

population growth rate was projected to halve the population
size relative to controls in just 5 years (Fig. 1B). Control adults
that heard nonpredator playbacks produced slightly more
recruits than needed to replace losses among them (λ = 1.06),
and their numbers were thus projected to moderately increase
(Fig. 1B). There was significant evidence that the cumulative
adverse effects of fear extended to include a (v) transgenera-
tional impact reducing the survival of offspring during adult-
hood (Fig. 1A and Table 1), and accounting for this even
greater total impact of fear over generations, the fear-induced
reduction in the population growth rate (λ = 0.85) was pro-
jected to halve the population in just 4 years (Fig. 1B).

The cumulative, compounding adverse impacts of fear on
recruitment (i–iii) resulted because, compared to control
females that heard nonpredator playbacks, females that heard
predators (i) laid 10% fewer eggs, (ii) 11% fewer of their eggs
survived to hatching, (ii) 21% fewer of their nestlings survived
to fledging, and (iii) 26% fewer of their fledglings survived as
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Fig. 1. Impact of fear itself on components of the population growth
rate (λ) and projected population size. (A) Directly quantified, cumulative,
compounding adverse effects of fear on fecundity and offspring survival
to recruitment (solid circles) and the predicted additional transgenera-
tional impact of fear on offspring survival as adults (open circles),
illustrated by plotting offspring number in the predator (red) playback
treatment as a proportion of those in the nonpredator (blue) treatment,
at each life-history stage. (B) Population size in the predator (red) and
nonpredator (blue) playback treatments projected over 5 years, calculating
λ using just directly quantified components (solid circles) and additionally
including the predicted transgenerational impact of fear on offspring sur-
vival as adults (open circles).
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juveniles at the end of the breeding season (Fig. 1A, Table 1,
and SI Appendix, Table S1). Multiplying the known number of
eggs laid (i) by each exhaustively quantified known-fate mea-
sure of offspring survival (ii–iii), by the end of the breeding sea-
son predator playback parents had on average produced 53%
fewer juveniles than control parents (Table 1 and SI Appendix,
Table S1). This average of 53% fewer predator playback juve-
niles directly corresponds to the 53% fewer predator playback
recruits resighted in the subsequent season (Table 1 and SI
Appendix, Table S1), demonstrating that the cumulative impacts
of fear on juvenile numbers carried straight through to impact
recruitment (i–iii) without any abatement (Fig. 1A). The num-
ber of directly resighted recruits differed significantly from that
expected if each of the 51 pairs of predator playback parents
and 53 pairs of control parents produced an equal number of
recruits (Table 1). This result demonstrates the effect of fear in
reducing recruitment (i–iii), and our comprehensive quantifica-
tion of the impacts on each component reveals how (i, ii, and
iii; Table 1). Fear did not significantly affect (iv) breeding adult
survival (Table 1). Consequently, it was the fear-induced 53%
reduction in recruitment that caused there to be insufficient
recruits to replace breeding adult losses (λ = 0.91), thereby pro-
ducing the projected decline in population size (Fig. 1B).

Fear itself demonstrably permanently handicapped surviving
offspring, significantly reducing the song number sung by
recruits (Table 1), which from the known relationship between
song repertoire size and adult survival in song sparrows (25)
was predictive of a (v) transgenerational impact entailing 18%
lower survival during adulthood among the offspring of parents
that heard predators (Fig. 1A). Accounting for this evidence of
a transgenerational impact the population growth rate was pro-
jected to be further reduced (λ = 0.85) in the second and subse-
quent years after the year in which these offspring were reared
(Fig. 1B). This demonstrated permanent handicapping of off-
spring was entirely consistent with our prior research regarding
impaired brain development (23, 24), because there was abun-
dant evidence of early developmental stress resulting from fear-
induced reductions in parental investment and care. All of the
impacts of fear on offspring survival (ii and iii; Table 1)
occurred during the period of parental care, including the
impact on fledgling survival (iii), which occurred in the first 7 d
after fledging (SI Appendix, Fig. S2, lines 419–434), when fledg-
lings are still dependent on parental provisioning (22). Parents
that heard predators provisioned their offspring significantly
less often (9, 22), and their offspring were correspondingly sig-
nificantly hungrier and had significantly less fat both as nest-
lings and as dependent fledglings (SI Appendix, lines 435–450).
Finally, our prior research regarding impaired brain develop-
ment demonstrated comparable negative effects of early devel-
opmental stress on brain development in both males and

females (23), pointing to comparable adverse effects on the sur-
vival of both sexes during adulthood.

The significant impacts of fear demonstrated in our experiment
(Table 1) were all robust and reproducible, evidenced by there
being no significant treatment-by-year interactions over the 3
years in which the experiment was repeated (all P > 0.366; SI
Appendix, Table S2). Experiments enable strong inference con-
cerning causation but they must also have external validity, cor-
roborated by demonstrating effect sizes corresponding to observa-
tional studies. Our methodology and the magnitudes of the effect
sizes demonstrated in our experiment correspond closely with
reported levels of natural variation. Predator (and nonpredator)
vocalizations were broadcast at a rate (9.3 min/h) comparable to
naturally occurring predator vocalizations (9.5 min/h) recorded at
naturally high predation risk sites in a study regarding the effects
of natural variation in predation risk on fecundity and facets of
offspring survival in 10 species of songbirds (20). The size of the
effect on (i) fecundity in our experiment (�0.10, Table 1; calcu-
lated as ln[�Xtreatment / �Xcontrol] following ref. 8) was almost identi-
cal to that in a study of song sparrows (�0.09) contrasting natu-
rally high versus low predation risk sites (32) and was identical to
the mean effect size (�0.10) reported in the just-mentioned study
on 10 species of songbirds (20). Similarly, the effect size regarding
(ii) egg survival (�0.11) was comparable to that in response to
natural variation in predation risk in song sparrows [�0.12 (33)]
and the mean effect size in the study on 10 songbird species [�0.
22 (20)], and the same was true of the magnitude of the effect on
(ii) nestling survival (�0.24, �0.20, and �0.28; this study and refs.
33 and 20, respectively). Likewise, the effect on (iii) the survival of
older offspring (�0.30) well accords with that (�0.27) reported as
resulting from natural variation in parental fearfulness in song
sparrows (22).

The generality of our results is strongly supported by the
impacts all being attributable to fear-induced reductions in
parental investment and care (refs. 9, 18, 19, and 22 and SI
Appendix), because abundant evidence indicates such impacts
may be almost universal in birds and mammals (1, 22). Parental
care is a fundamental characteristic of most birds and all mam-
mals (34), fear has been shown to impair parental investment
and care in diverse birds and mammals (1, 35–41), reduced
care consistently results in poorer offspring condition and con-
sequent lower survival (15, 30), and there is correspondingly a
growing body of experimental and observational research docu-
menting resulting reductions in fecundity and offspring survival
in free-living birds and mammals, comparable to those demon-
strated in our experiment (1, 16, 17, 20, 21, 42, 43). Numerous
studies have shown that one of the principal and almost univer-
sal costs prey incur in attempting to avoid being killed is
reduced food intake due to increased vigilance or avoidance of
predators (1–3, 6, 10, 11). In species in which longevity is

Table 1. Effects of playback treatment on all the components of population growth (i–iv) and evidence predictive of a (v)
transgenerational impact

Population growth component* Directly quantified measure

Playback treatment

Statistic P

Predator Nonpredator

�X or N SE �X or N SE

(i) Eggs laid (clutch size) 3.21 0.09 3.55 0.09 F1,78 = 8.0 0.006
(ii) Egg survival 0.84 0.03 0.94 0.03 F1,79 = 5.2 0.025
(ii) Nestling survival 0.69 0.03 0.88 0.02 Wald χ2 = 6.7 0.003
(iii) Fledgling survival 0.46 0.06 0.62 0.06 Wald χ2 = 6.4 0.006
(i–iii) Resighted recruits 15 32 χ21 = 5.5 0.019
(iv) Adult survival 0.49 0.06 0.57 0.07 Wald χ2 = 0.8 0.380
(v) Recruit song number† 7.00 0.47 8.75 0.33 F1,20 = 7.0 0.007

*See main text for definitions.
†Predictive of a transgenerational impact on offspring survival during adulthood (see main text).
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correlated with lifetime reproductive success, as in most birds
and mammals (28–30), to ensure their own survival parents can
be expected to transfer the costs of their antipredator responses
to their offspring (e.g., by provisioning them less), because
while this may reduce current reproductive success it provides
the surest means of achieving higher lifetime reproductive suc-
cess (1–3, 6, 22, 28–30, 35–40). Fear effects on adult survival
are consequently not anticipated to be common, and our not
finding a significant effect on adult survival (Table 1) is thus
entirely consistent with general life-history expectations con-
cerning birds and mammals (1).

Species vary in the strength of their antipredator responses
and there is correspondingly well-documented variation among
species in the strength of the purported effects of fear on fecun-
dity and offspring survival in free-living wildlife (1, 11, 16–22,
32, 33, 35–45). Within the context of this known variation the
antipredator responses we recorded are common among birds
and mammals, and the magnitudes of the effects of fear on the
components of population growth we report (Table 1) are all
near the midpoints of the documented variation among species,
as we have discussed. There is thus nothing unusual about the
responses and effects we demonstrate. An influential recent
review (11) meticulously detailed all of the many reasons why
an effect of fear on population growth cannot simply be
inferred to result from an effect on any one component of pop-
ulation growth, or even two or three, because of the possible
existence of “doomed surpluses,” for example. What must be
demonstrated is that the effects on the components all link
together to cause a net effect on population growth (1, 10, 11).
This review identified that this has not been accomplished in
any free-living wild animal in any taxon, let alone birds or mam-
mals, and other recent reviews corroborate this “dearth (i.e.,
absence) of evidence” (1, 10, 11). Rather than the types of
responses or magnitudes of effects on individual components,
what is thus unique about our study is our comprehensive
quantification of the effects of fear on all the components of
population growth and our experimental demonstration that
these effects can all link together to significantly reduce the
population growth rate in free-living wild prey (1, 10, 11).

That predators are more than merely scavengers (12) that
can and do affect prey population growth rates in free-living
wild birds and mammals was eventually shown to be compel-
lingly well-established in two comprehensive reviews of 223
experiments involving the addition or removal of predators,
both published in 2010 (7, 8). Adding or removing predators
demonstrates their total impact on prey populations, that is, the
combined impacts of direct killing and fear [the costs prey incur
in attempting to avoid being killed (1, 4, 6, 8)]. These reviews
reported a mean effect size of 0.68 regarding the total impact
on reproductive responses [e.g., mean recruitment (8)] and a
mean effect size of 0.11 pertaining to the total impact on popu-
lation growth rates (7). These mean effect sizes correspond
closely with the absolute values of the effect sizes demonstrated
in our experiment concerning the impacts of fear on recruit-
ment (0.76; Table 1) and the population growth rate (0.15; Fig.
1B). Consequently, our results not only demonstrate that fear
itself can significantly impact prey population growth rates in
free-living wildlife but also that this may constitute a very con-
siderable part of the total impact of predators. The critical sig-
nificance of this is that it experimentally establishes that
attempting to utilize data on direct killing alone to infer the
effects of predators risks dramatically underestimating the total
impact predators have on prey populations (1–3, 6, 8–11).

Conclusions
The past decade has seen a “paradigm shift in ecology” reap-
praising the importance of predators in wildlife population,

community, and ecosystem dynamics (1, 46–48). Progress has
recently been made in experimentally demonstrating the
community-level impacts fear of predators can have in wildlife
systems (1), which has drawn attention to the contrasting
“dearth (absence) of evidence” concerning the impact on popu-
lation growth (1, 10, 11). Critically, this dearth does not con-
cern the various components, such as fear effects on parental
care, fecundity, or offspring survival, for which there is an abun-
dance of evidence (1, 9, 35–41), but rather the absence of dem-
onstrations that these components do all link together to affect
prey population growth (1, 10, 11). The significance of our
eliminating this absence by experimentally demonstrating that
these components can all link together and that fear itself can
impact prey population growth rates in free-living wildlife is
that it verifies that, from the commonality of the components,
fear effects on prey population growth rates, while not neces-
sarily universal, can be anticipated to be commonplace (1–3, 6,
8–11). As our results illustrate, even if the effects of fear on
individual components are modest, if they are cumulative and
compounding the total impact of fear on the prey’s population
growth rate can be very considerable.

Materials and Methods
Experimental Design, Sites, and Field Procedures. Results regarding the
effects of fear on (i) fecundity and (ii) early offspring survival in the first year
were published previously (9), and exhaustive details concerning the experi-
mental design, sites, and field procedures can be found therein and in the SI
Appendix. Briefly, playbacks were broadcast from 15March to the end of July,
composed of the vocalizations of eight species of locally present predators, or
eight nonpredators, played at appropriate periods in the diel cycle, with over-
all matching acoustic and frequency characteristics (SI Appendix, lines
197–258). The eight species of predators comprised the Common Raven (Cor-
vus corax), Northwestern Crow (Corvus caurinus), Cooper’s Hawk (Accipiter
cooperii), Brown-headed Cowbird (Molothrus ater), raccoon (Procyon lotor),
Barred Owl (Strix varia), Western Screech-Owl (Otus kennicotti), and Northern
Saw-whet Owl (Aegolius arcadius). The eight nonpredator species, here listed
in the order matching the corresponding predator, comprised the Canada
Goose (Branta canadensis), Mallard Duck (Anas platyrhynchos), Northern
Flicker (Colaptes auratus), Rufous Hummingbird (Selasphorus rufus), harbor
seal (Phoca vitulina), wood frog (Rana sylvatica), Common Loon (Gavia
immer), and Pacific chorus frog (Pseudacris regilla). All of the predators are
known to kill adult song sparrows or their offspring (SI Appendix, lines
182–196). To avoid habituation we used an average of eight exemplars of
each species’ vocalizations, vocalizations varied in duration and were played
randomly, and speakers were repositioned several meters every eighth day.
Predator and nonpredator playbacks were broadcast at separate sites, each
with one to four song sparrow territories (SI Appendix, Fig. S1 and lines
152–170). All sites lay within a 2.7-km radius centered at 48° 44.350 N and 123°
23.270 W. Predator and nonpredator playback sites were paired on each small
island within 500 m of one another. Every eighth day 100-m transects were
walked at each site verifying that there were no significant differences
between predator and nonpredator playback sites in the frequency or num-
ber of actual predators seen or heard (SI Appendix, lines 235–240).

Egg number and the known-fate survival of eggs, nestlings, and fledglings
(Table 1) were all determined with certainty through a combination of daily
nest checks, continuous video surveillance and protecting nests from preda-
tors of eggs and nestlings while young were in the nest (9), and tracking and
visually resighting radio-tagged young every second day after they left the
nest, to the time they died or the end of the breeding season (31 August; SI
Appendix, lines 259–309). Young were radio-tagged while in the nest to
ensure we accurately quantified survival immediately following fledging,
when mortalities are typically most frequent (49, 50). Protecting nests from
predators of eggs and nestlings (primarily Ravens, Crows, and raccoons; SI
Appendix, lines 186–188) helped establish egg and nestling fate with certainty
but potentially caused us to underestimate the adverse effects of fear,
because a previous experiment on song sparrows at these same sites demon-
strated that losing a nest to a predator causes breeding females to become
more fearful and subsequently lay smaller clutches (1, 18). Critically, parents
were in no way at any time protected from their predators and the actual risk
of predation to parents was thus entirely natural, as recommended by the
aforementioned influential recent review concerning accurately quantifying
the impacts of fear on prey population size (11).
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To resight recruits and adults in the year following each experimental year,
beginning in early March, immediately before the breeding season, at least
two exhaustive intensive surveys were conducted of each small island by tra-
versing each island along transects spaced 50 m apart (less than the average
70-m width of a song sparrow territory; ref. 9), and at every 50 m along each
transect, broadcasting playbacks of song sparrows singing, which reliably
attracts any song sparrow in the area (33). Multiple lines of evidence indicate
that detectability was close to or actually 100% (SI Appendix, lines 310–327).
Additionally, whereas differential detectability (or differential emigration)
between the treatments might otherwise be invoked as alternative explana-
tions of differences between the treatments in the apparent survival of
recruits or adults, there was no (recruits) or little (adults) difference in resight-
ing to explain. The ratio of predator to nonpredator playback juveniles was
identical to the ratio of predator to nonpredator playback recruits (Fig. 1A), i.
e., apparent offspring survival from the end of the breeding season to recruit-
ment was identical in both treatments (= 0.17; see below and SI Appendix,
lines 328–341), and there was similarly no substantive difference in apparent
adult survival (Table 1).

When recruits were resighted we recorded their song repertoire size fol-
lowing published procedures (24, 25), described in detail in the SI Appendix
(lines 356–358). To predict the transgenerational impact of fear on the survival
of recruits as adults we used the relationship between survival (longevity) and
song number detailed in ref. 25 (SI Appendix, lines 342–362): longevity (years)
= (song repertoire size × 0.36) + 0.42. As already observed, our prior research
demonstrating that early developmental stress impairs brain development in
both males and females (23) points to comparable adverse effects on the sur-
vival of both sexes during adulthood. Importantly, if one sex were more
adversely affected and consequently had lower survival during adulthood
than the other, because biparental care is effectively obligatory in song spar-
rows (SI Appendix, lines 175–178), the effect on population growth would be
projected to reflect the impact on the more affected (and consequently more
limited) sex (26).

Population Growth Rate (λ). We used stage-structured Leslie Matrix models to
calculate the population growth rate (λ) for each treatment (31). Our Leslie
Matrices corresponded with the directly quantified components of population
growth delineated in Table 1, beginning with fecundity (eggs laid), followed
by five survival stages: egg survival, nestling survival, fledgling survival, sur-
vival from the end of the breeding season to recruitment, and adult survival.
Survival from the end of the breeding season to recruitment was determined
by dividing the number of directly resighted recruits (Table 1) by the calcu-
lated number of juveniles at the end of breeding (eggs laid × egg, nestling,
and fledgling survival; SI Appendix, lines 328–341), giving a value of 0.17 for
each treatment. To determine the 95% CI concerning λ for each treatment we
used the recommended bootstrap method (31, 51, 52), conducting 10,000

iterations of stochastic Leslie Matrix models using the means and variation of
the population growth components delineated in Table 1. Where compari-
sons are made between two treatments (populations) with equivalent sample
sizes, as in our case, results using the bootstrap are robust to heterogeneity of
variances (52). To calculate λ accounting for the evidence of a transgenera-
tional impact of fear, we first input the demonstrated effect of fear on recruit
song number (Table 1) into the equation described in the previous paragraph
to produce the prediction that predator playback recruits would have 18%
lower adult survival than their parents in the initial cohort (0.40 vs. 0.49), and
we then iterated this difference in survival between cohorts over a projected
5-year period to determine the mean effect on population growth (λ = 0.85).

Statistical Analyses. With regard to the components of population growth
reported in Table 1, fecundity (eggs laid) and egg survival (the proportion of
eggs that hatched) were analyzed using three-factor general linear mixed-
model ANOVAs (GLMMs), and nestling survival and fledgling survival were
analyzed using Cox-proportional hazards models. The independent variables
in these analyses were playback treatment, year, and nest number (one or
two), with parental identity included as a random effect. The effect of fear in
reducing the number of directly resighted recruits was tested using a χ2 test as
described in the Results and Discussion. Apparent adult survival from one year
to the next was analyzed using a generalized estimating equation (GEE) with
a binomial distribution (alive or dead) and logit-link function, the fixed factors
being playback treatment and year, with identity included as a random effect
to account for individuals resighted inmore than 2 years. Recruit song number
was analyzed using a two-factor ANOVA with playback treatment and year as
independent variables, there being no correlated data requiring random
effects. Additional details concerning the statistical analyses are reported in
the SI Appendix (lines 393–417), along with complete model results (SI
Appendix, Table S2).

Data Availability. Data have been deposited in a publicly accessible, perma-
nently archived, institutional repository at Western University (https://ir.lib.
uwo.ca/biologypub/115).

ACKNOWLEDGMENTS. We thank Parks Canada, R. Bateman, N. Cardinal, and
T. Golumbia for access to the study sites; B. Clinchy, S. Coates, T. Corp, B.
Dudeck, K. Dybala, A. Freeman, R. Gallo, E. Holland, D. Hobby, S. Kubli, T. Lul-
off, E. Matthews, C. Payne, D. Roberts, S. Tancredi, M. Travers, and A. White
for assistance; and C. Krebs, J. Terborgh, and two anonymous reviewers for
many helpful comments on an earlier draft. This research was approved by
the Western University Animal Care Committee and funded by Animal Behav-
ior Society and Frank M. ChapmanMemorial grants to M.C.A. and Natural Sci-
ences and Engineering Research Council of Canada grants toM.C. and L.Y.Z.

1. L. Y. Zanette, M. Clinchy, Ecology and neurobiology of fear in free-living wildlife.
Annu. Rev. Ecol. Evol. Syst. 51, 297–318 (2020).

2. S. L. Lima, Nonlethal effects in the ecology of predator-prey interactions. Bioscience
48, 25–34 (1998).

3. J. S. Brown, J. W. Laundr�e, M. Gurung, The ecology of fear: Optimal foraging, game
theory, and trophic interactions. J. Mammal. 80, 385–399 (1999).

4. R. M. Sibly, J. Hone, Population growth rate and its determinants: An overview.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 357, 1153–1170 (2002).

5. T. Coulson, J.-M. Gaillard, M. Festo-Bianchet, Decomposing the variation in popula-
tion growth into contributions from multiple demographic rates. J. Anim. Ecol. 74,
789–801 (2005).

6. S. Creel, D. Christianson, Relationships between direct predation and risk effects.
Trends Ecol. Evol. 23, 194–201 (2008).

7. J. L. Lavers, C. Wilcox, C. J. Donlan, Bird demographic responses to predator removal
programs. Biol. Invasions 12, 3839–3859 (2010).

8. P. Salo, P. B. Banks, C. R. Dickman, E. Korpim€aki, Predator manipulation experiments:
Impacts on populations of terrestrial vertebrate prey. Ecol. Monogr. 80, 531–546
(2010).

9. L. Y. Zanette, A. F. White, M. C. Allen, M. Clinchy, Perceived predation risk reduces
the number of offspring songbirds produce per year. Science 334, 1398–1401 (2011).

10. E. Say-Sallaz, S. Chamaill�e-Jammes, H. Fritz, M. Valeix, Non-consumptive effects of
predation in large terrestrial mammals: Mapping our knowledge and revealing the
tip of the iceberg. Biol. Conserv. 235, 36–52 (2019).

11. M. J. Sheriff, S. D. Peacor, D. Hawlena, M. Thaker, Non-consumptive predator effects
on prey population size: A dearth of evidence. J. Anim. Ecol. 89, 1302–1316 (2020).

12. P. L. Errington, Predation and vertebrate populations. Q. Rev. Biol. 21, 144–177
(1946).

13. S. J. Plaistow, C. T. Lapsley, T. G. Benton, T. G. Benton, Context-dependent intergen-
erational effects: The interaction between past and present environments and its
effect on population dynamics.Am. Nat. 167, 206–215 (2006).

14. J. Tariel, S. Pl�enet, �E. Luquet, Transgenerational plasticity in the context of predator-
prey interactions. Front. Ecol. Evol. 8, 548660 (2020).

15. H. J. F. Eyck, K. L. Buchanan, O. L. Crino, T. S. Jessop, Effects of developmental stress
on animal phenotype and performance: A quantitative review. Biol. Rev. Camb.
Philos. Soc. 94, 1143–1160 (2019).

16. T. J. Karels, A. E. Byrom, R. Boonstra, C. J. Krebs, The interactive effects of food and
predators on reproduction and overwinter survival of arctic ground squirrels. J.
Anim. Ecol. 69, 235–247 (2000).

17. J. J. Fontaine, T. E. Martin, Parent birds assess nest predation risk and adjust their
reproductive strategies. Ecol. Lett. 9, 428–434 (2006).

18. M. Travers, M. Clinchy, L. Zanette, R. Boonstra, T. D. Williams, Indirect predator
effects on clutch size and the cost of egg production. Ecol. Lett. 13, 980–988 (2010).

19. L. Y. Zanette, K. A. Hobson,M. Clinchy,M. Travers, T. D.Williams, Food use is affected
by the experience of nest predation: Implications for indirect predator effects on
clutch size.Oecologia 172, 1031–1039 (2013).

20. J. A. LaManna, T. E. Martin, Costs of fear: Behavioural and life-history responses to
risk and their demographic consequences vary across species. Ecol. Lett. 19, 403–413
(2016).

21. K. G. Dillon, C. J. Conway, Nest predation risk explains variation in avian clutch size.
Behav. Ecol. 29, 301–311 (2018).

22. B. P. Dudeck, M. Clinchy, M. C. Allen, L. Y. Zanette, Fear affects parental care, which
predicts juvenile survival and exacerbates the total cost of fear on demography. Ecol-
ogy 99, 127–135 (2018).

23. I. F. MacDonald, B. Kempster, L. Zanette, S. A. MacDougall-Shackleton, Early nutri-
tional stress impairs development of song-control brain regions in juvenile male and
female song sparrows (Melospiza melodia) at the onset of song learning. Proc. Biol.
Sci. 273, 2559–2564 (2006).

24. J. A. Pfaff, L. Zanette, S. A. MacDougall-Shackleton, E. A. MacDougall-Shackleton,
Song repertoire size varies with HVC volume and is indicative of male quality in song
sparrows (Melospizamelodia). Proc. Biol. Sci. 274, 2035–2040 (2007).

EC
O
LO

G
Y

Allen et al.
Fear of predators in free-living wildlife reduces population growth over generations

PNAS j 5 of 6
https://doi.org/10.1073/pnas.2112404119

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112404119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112404119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112404119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112404119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112404119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112404119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112404119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112404119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112404119/-/DCSupplemental
https://ir.lib.uwo.ca/biologypub/115
https://ir.lib.uwo.ca/biologypub/115


25. J. M. Reid et al., Fitness correlates of song repertoire size in free-living song sparrows
(Melospizamelodia).Am. Nat. 165, 299–310 (2005).

26. D. J. Rankin, H. Kokko, Do males matter? The role of males in population dynamics.
Oikos 116, 335–348 (2007).

27. C. J. Krebs, Ecology: The Experimental Analysis of Distribution and Abundance (Ben-
jamin Cummings, San Francisco, ed. 6, 2009).

28. J.-M. Gaillard et al., An analysis of demographic tactics in birds and mammals. Oikos
56, 59–76 (1989).

29. B.-E. Sæther, Ø. Bakke, Avian life history variation and contribution of demographic
traits to the population growth rate. Ecology 81, 642–653 (2000).

30. V. Ronget et al., Causes and consequences of variation in offspring body mass:
Meta-analyses in birds and mammals. Biol. Rev. Camb. Philos. Soc. 93, 1–27
(2018).

31. H. Caswell, Matrix Population Models: Construction, Analysis, and Interpretation
(Oxford University Press, Oxford, UK, ed. 2, 2001).

32. L. Zanette, M. Clinchy, J. N. M. Smith, Food and predators affect egg production in
song sparrows. Ecology 87, 2459–2467 (2006).

33. L. Zanette, M. Clinchy, J. N. M. Smith, Combined food and predator effects on song-
bird nest survival and annual reproductive success: Results from a bi-factorial experi-
ment.Oecologia 147, 632–640 (2006).

34. N. J. Royle, P. T. Smiseth, M. K€olliker, The Evolution of Parental Care (Oxford Univer-
sity Press, Oxford, UK, 2012).

35. C. K. Ghalambor, T. E. Martin, Fecundity-survival trade-offs and parental risk-taking
in birds. Science 292, 494–497 (2001).

36. M. Panzacchi et al., Trade-offs between maternal foraging and fawn predation risk
in an income breeder. Behav. Ecol. Sociobiol. 64, 1267–1278 (2010).

37. C. K. Ghalambor, S. I. Peluc, T. E. Martin, Plasticity of parental care under the risk
of predation: How much should parents reduce care? Biol. Lett. 9, 20130154
(2013).

38. J. F. Duquette, J. L. Belant, N. J. Svoboda, D. E. Beyer Jr., P. E. Lederle, Effects ofmater-
nal nutrition, resource use andmulti-predator risk on neonatal white-tailed deer sur-
vival. PLoSOne 9, e100841 (2014).

39. J. D. Ib�a~nez-�Alamo et al., Nest predation research: Recent findings and future per-
spectives. J. Ornithol. 156, S247–S262 (2015).

40. J. C. Oteyza, J. C. Mouton, T. E. Martin, Adult survival probability and body size affect
parental risk-taking across latitudes. Ecol. Lett. 24, 20–26 (2021).

41. M. Randon et al., Population responses of roe deer to the recolonization of the
French Vercors bywolves. Popul. Ecol. 62, 244–257 (2020).

42. A. Bourbeau-Lemieux, M. Festa-Bianchet, J.-M. Gaillard, F. Pelletier, Predator-driven
component Allee effects in a wild ungulate. Ecol. Lett. 14, 358–363 (2011).

43. P. D. DeWitt, M. S. Schuler, D. R. Visscher, R. P. Thiel, Nutritional state reveals complex
consequences of risk in a wild predator-prey community. Proc. Biol. Sci. 284,
20170757 (2017).

44. T. E. Martin, B. Tobalske,M.M. Riordan, S. B. Case, K. P. Dial, Age and performance at
fledging are a cause and consequence of juvenile mortality between life stages. Sci.
Adv. 4, eaar1988 (2018).

45. J. C.Mouton, B.W. Tobalske, N. A.Wright, T. E.Martin, Risk of predation on offspring
reduces parental provisioning, but not flight performance or survival across early life
stages. Funct. Ecol. 34, 2147–2157 (2020).

46. J. A. Estes et al., Trophic downgrading of planet Earth. Science 333, 301–306 (2011).
47. W. J. Ripple et al., Status and ecological effects of the world’s largest carnivores. Sci-

ence 343, 1241484 (2014).
48. W. J. Ripple et al., Extinction risk is most acute for the world’s largest and smallest

vertebrates. Proc. Natl. Acad. Sci. U.S.A. 114, 10678–10683 (2017).
49. K. E. Dybala, T. Gardali, J. M. Eadie, Dependent vs. independent juvenile survival:

Contrasting drivers of variation and the buffering effect of parental care. Ecology 94,
1584–1593 (2013).

50. W. A. Cox, F. R. Thompson III, A. S. Cox, J. Faaborg, Post-fledging survival in passerine
birds and the value of post-fledging studies to conservation. J. Wildl. Manage. 78,
183–193 (2014).

51. J. Arrontes, Pop-inference: An educational application to evaluate statistical differ-
ences among populations. Ecol. Evol. 8, 5224–5230 (2018).

52. J. Arrontes, Comparison of asymptotic population growth rates with heterogeneous
variances. Popul. Ecol. 63, 123–132 (2021).

6 of 6 j PNAS Allen et al.
https://doi.org/10.1073/pnas.2112404119 Fear of predators in free-living wildlife reduces population growth over generations


	TF1
	TF2

